Abstract: Enzymes may be used to develop an environmentally friendly alternative to the conventional polluting technologies in textile finishing. The action of the unlabeled and fluorescent labeled proteolytic enzymes subtilisin and trypsin on wool was examined. Scanning electron micrographs and a diffusion study, based on fluorescence microscopy, localized the enzymatic attack on the fiber. A kinetic study was carried out by monitoring the amino acid content of the treatment liquor. Enzymatic action is not confined to the fiber surface. To limit attack to the surface and reduce wool damage new treatment methods such as enzyme immobilization onto a solid carrier must be investigated.
Introduction
Conventional textile finishing procedures are non specific and may need harsh conditions. They often lead to undesirable side effects and waste disposal problems. Enzymes with a high degree of regio -and stereo selectivity catalyze a reaction under mild conditions, yielding energy saving, higher product quality, reduced energy consumption, less waste water, and better yields. The amount added to accomplish a reaction is relatively small and control is possible by adjusting enzyme concentration, temperature and treatment time. Therefore, using enzyme-based technologies to replace conventional finishing pro-cedures may reduce pollution in textile finishing.
Enzymes are used in a number of operations for finishing natural cellulosic and protein fibers [1, 2] and enzymatic attempts have been made to improve the hydrophobicity and dyeability of synthetic fibers such as PET and PA [3, 4] . Because most of the reactions used are hydrolyses, hydrolytic enzymes are attractive catalysts. The use of proteases in wool finishing has been attempted for several years, but industrial implementation has been low. The complex structure of wool fiber complicates enzymatic modification. Improved control of the enzymatic reaction is necessary to avoid damage.
A diffusion study was carried out using two different proteolytic enzymes to obtain information on the mechanism of enzymatic hydrolysis of wool. This was complemented by kinetic measurements.
Experimental

Materials
Two proteases, subtilisin and trypsin, with different substrate specificities, were used.
Subtilisin Carlsberg, 13.6 units/mg solid (Sigma), from Bacillus licheniformis, is an alkaline serine protease which exhibits a wide substrate specificity, with slight preference for neutral and basic amino acids.
Trypsin E.C.3.4.21.4., 15.450 units/mg solid (Sigma), is a serine protease with a high substrate specificity. Its preferred cleavage site is at the carboxyl group of the basic amino acids arginine and lysine.
All inorganic and organic reagents were pA analytical quality and were used without further purification.
Merino wool top with fiber diameter of 21 µm was the substrate. It was first degreased by Soxhlet extraction with CH 2 Cl 2 , then conditioned at 20
• C and 65 % relative humidity.
Estimation of enzyme activity
The proteolytic activities of subtilisin and trypsin were determined by spectrophotometric measurement of the hydrolysis of the soluble substrate N,N-dimethylcasein. The free α-amino groups formed react with o-phthalic aldehyde (OPA) to form a yellow complex. Its absorbance is measured at 340 nm [5] . A calibration curve was set up with serine and the enzyme activity was expressed in terms of serine equivalents. One unit of activity is defined as the amount of enzyme that hydrolyses N,N-dimethylcasein to produce absorbance equivalent to 1 µmol serine per minute at pH 8.0 for subtilisin or pH 7.5 for trypsin, at 50 • C.
Catalyst preparation by labeling with fluorescein isothiocianate
Prior to use, each enzyme was fluorescent labeled with fluorescein isothiocyanate (FITC). 50 mg of enzyme and 10 mg FITC were mixed with 2 mL pH 8.5 carbonate -bicarbonate buffer. After shaking 3 min the mixture was centrifuged at 5000 g and the supernatant passed through a Sephadex G25 column [6] . The fraction containing the fluorescent enzyme was freeze-dried. The enzyme activity of this fraction was determined.
Determination of the protein content of the enzymes by the Lowry method
The protein content of the enzymes was determined by using a Biorad Protein Assay, based on the Lowry method -formation of a blue complex between the protein amino groups and the reagents. The standard protein solution was bovine serum albumin and changes in absorbance at 750 nm were monitored after 30 min against a distilled water reference.
Microscopy 2.5.1 Scanning electron microscopy (SEM)
Dried fibers were mounted on aluminum stubs and sputter coated with gold. SEM examination was carried out on a Hitachi S-3000N.
Fluorescence microscopy
An MPM03 microspectrophotometer (Carl Zeiss Jena) was used. Wool fibers were immersed in non-fluorescing immersion oil; excitation was at 450 -490 nm and emission was above 510 nm.
Enzyme treatment of wool tops
The enzymatic treatment of wool top was carried out with free and labeled enzymes. Dried and weighed samples of wool top were immersed in pH 8.0 and pH 7.5 phosphate buffers containing 0.2% w/w subtilisin or 0.5% w/w trypsin, respectively. Treatment was performed in an Ahiba-Turbomat laboratory dyeing apparatus for 1 h at 50
• C, at a liquor to fiber ratio of 40:1. To deactivate the enzymes the temperature was increased to 85
• C and maintained at this value for 20 min. The treated samples were rinsed with distilled water and air dried. For each pH value a reference sample was also prepared containing buffer solution and wool tops without enzymes.
Aliquots of the treatment solution were removed at the beginning of the reaction and periodically thereafter. The residual protease activity was determined using OPA.
Results and discussion
Enzyme activities
The free and fluorescent labeled enzymes were applied to wool to examine the mechanism of the reaction between the proteases and substrate and to localize their action on the fibers.
The proteolytic activity of the enzymes and their protein content are shown in Table 1 . Subtilisin is more active toward N,N ′ -dimethylcasein than trypsin. Increasing enzyme concentration increases the release of amino groups, the effect being larger for subtilisin than for trypsin ( Figure 1 ). This is attributed to the difference in the enzymes' specificities; the higher the specificity the fewer amino groups released. This agrees with the literature [7] . In order to follow the diffusion of the proteases into the wool fiber by using fluorescence microscopy, the enzymes were labeled with FITC. The elution diagrams show the existence of a single peak indicating that the labeling is effective. This is also confirmed by the UV-Vis spectra of the solutions corresponding to the peaks of the elution diagrams; both labeled enzymes show intense absorption at 280 nm and 490 nm (Figures 2 and 3) . Absorbances at 280 nm and 490 nm as well as the enzyme activities corresponding to the peaks from the elution diagrams containing the labeled enzymes are shown in Table 2 . It is obvious that the proteases are still active even after labeling with FITC, but the labeling had a smaller impact on the trypsin (Table 3) . 
Effects of subtilisin and trypsin catalytic activity on wool top
The enzyme hydrolysis of wool was quantitated from the amino groups liberated into the treatment bath (from their reaction with o-phthalic aldehyde, cf. 2.2) and the presence of protein in the treatment bath (measured by absorbance at 280 nm). The absorbances of the treatment bath at the start and after an incubation time of 60 min are presented in Tables 4 and 5 . Protease action on the wool fiber leads to the splitting of peptide bonds, liberating peptides into the treatment bath, documented by the enhanced absorbance at 280 nm. Both subtilisin and trypsin remove protein fragments from the wool fiber, but subtilisin removes more than trypsin. At pH 7.5 a smaller amount was liberated. More accurate information is given by the amount of released amino groups, presented in Table 6 .
Again subtilisin is more effective than trypsin. These values agree with the absorbance measurements at 280 nm, showing decreased activity of the labeled trypsin toward the soluble substrate. We ascribe this to a more pronounced steric hindrance. 
SEM and fluorescence microscopy
Subtilisin action on the wool fiber caused a small attenuation of the scale structure. Fluorescent labeling diminished the proteolytic activities as shown by the smaller changes in the fiber surface in comparison with those achieved with free enzymes (Figures 4e and  4f) . However, the SEM pictures suggest that treatment caused only minor changes in scale structure indicating that enzymatic action is not limited to the fiber surface. This is supported by fluorescence microscopy. Figure 5 presents the fluorescence micrograph obtained for wool treated with labeled subtilisin. It appears that the labeled subtilisin penetrated the fiber cortex. The difference in structure between the ortho-and paracortex is revealed by the lower paracortex fluorescence, suggesting a lower concen-tration of FITC-subtilisin there. Higher fluorescence was observed inside the fiber and along the wool cuticle.
These results reflect the action of the enzymes upon the wool fiber, but do not supply information concerning the mechanism. In order to obtain this information a diffusion study based on kinetic measurements was also carried out [8] . The activities of the two enzymes on wool over time are illustrated in Figures 6 and 7 .
At the beginning of the treatment with subtilisin a fast diffusion of the enzyme into the wool fiber took place (shown by low enzyme activity in the treatment bath), creating a diffusion gradient ( Figure 6, part a) . An increase of enzyme activity in the treatment bath was then observed. During the treatment the enzyme leaves the wool, leading to the establishment of a new equilibrium (Figure 6, part b. ).
From after ten minutes until the end of the reaction (Figure 6 , part c.), there is a sinusoidal variation of subtilisin activity due to the alternation between the diffusion of the enzyme into the wool fiber and its liberation back into the treatment bath. This occurs because splitting of the wool protein leads to a permanent modification of the micro environment around the enzyme. Figure 7 illustrates decreasing enzyme activity during the enzymatic treatment of wool with trypsin. This decrease is likely to be caused by a reduced stability of trypsin in the solution or by a quasi -immobilization of trypsin on wool. In comparison with subtilisin, it is possible that trypsin is not released quickly after its enzymatic reaction with wool.
Conclusions
• Compared with trypsin, subtilisin is more active toward both the soluble substrate N,N'-dimethylcasein and wool, most probably due to the difference in their substrate specificity.
• The location of the enzyme action on the wool fiber can be visualised by fluorescence microscopy.
• The diffusion study by fluorescence microscopy, kinetics measurements, and the scanning electron microscopy results have shown that the enzymatic reaction is not restricted to the fiber surface.
• Research in enzymatic treatment of wool should be continued to improve the process, with a view to limiting enzyme action to the fiber surface. Enzyme immobilization onto a solid carrier could be a solution [9, 10] . • C, 60 min; e) Wool sample treated with 0.2 % w/w FITC-subtilisin, pH 8.0, T=50
• C, 60 min; f) Wool sample treated with 0.5 % w/w FITC-trypsin, pH 7.5, T=50
• C, 60 min. 
